We calculate the one-loop contribution to the bino annihilation rate due to the process B B → Z * , which vanishes at tree level.
and found to be very small (less than one per cent) in the parameter range of interest here. These corrections to the masses would make similarly small corrections to the annihilation cross section, and so are significantly smaller than those we compute here.
In general, the lightest neutralino mass eigenstate is a linear combination of the gauginos W 3 and B, and the higgsinos H 
In the pure bino region (β ≃ 1), m χ 0 ≃ M 1 , where M 1 is the supersymmetry breaking U(1) gaugino mass. For our purposes here, the supersymmetric parameter space can be described by one additional parameter, ε, the supersymmetric Higgs mixing mass (often denoted by −µ). In the bino region, results are very insensitive to the ratio of Higgs vevs, tan β (tan β
should not be confused with the β in eq. (1)). In what follows we have chosen tan β = 2 and assumed a top quark mass of 160 GeV. We simplify by using GUT boundary conditions to relate M 2 , the SU(2) gaugino mass, to
From here on, we will assume that ε ≫ M 2 so that we are working in the nearly pure bino region and write
We begin by calculating the annihilation rate of almost pure binos to fermion anti-fermion pairsF (1)).
The relevant interaction terms are
where
The fermion charge is denoted by Q f , and T f 3 = +1/2 for up-type quarks and neutrinos, and −1/2 for down-type quarks and charged leptons. The sum runs over all fermions. We neglect the effect of sfermion mixing, which is treated in detail in ref. [9] .
To derive a thermally averaged cross section, we make use of the technique of ref. [13] .
We expand σv rel in a Taylor expansion in powers of x = T /m B :
The coefficients a and b are given by
where the subscript F specifies the final state fermions,ã F andb F are computed from the expansion of the matrix element squared in powers of p, the incoming bino momentum, and
1/2 is a factor from the phase space integrals. In terms of the squared reduced transition matrix element |T | 2 ,ã F can be written simply as,
Denoting the reduced transition amplitudes for the processes (1), (2) and (3) listed above by T sfex , T loop and T mix respectively, we have
and where
are the quantum numbers of the final state fermion, and m F and m F are the masses of the final state fermion and its supersymmetric partner. These expressions for the amplitudes do not include spin dependence, but we note that they will vanish if either the binos or fermions are spin parallel. In the other cases the amplitudes are antisymmetric under exchange of spins in the incoming or outgoing states. So their relative signs remain the same allowing us to directly sum and average over spin states giving eq. (5). To computẽ b F , where we need to consider p = 0, this simple spin dependence no longer holds and we use standard trace techniques to calculate the squared transition matrix element.
To compare the relative effect of the loop and the higgsino mixing diagrams on the dominant sfermion exchange process, we need to find theã F andb F coefficients for 1) the sfermion exchange alone, 2) the sfermion exchange plus the loop diagram and 3) the sfermion exchange plus the higgsino mixing diagram. Theã F for each combination can be read off from eq. (5) by redefining T F to contain different combinations of diagrams, but theb F will need to be separately computed in each case. The expressions are too complicated to reproduce here.
We now discuss the effect of this loop correction on the relic density and detectability of binos. In fig. (2 fig. (3) , we see that the effect of the loop is larger than the effect of higgsino mixing for large ranges in m B in the pure bino regime. Again, we exclude the region where m B > m F . We also exclude the region below the top threshold where both diagrams have a negligible effect on Ω B h 2 .
Although we have found that for a large portion of the parameter space the loop correction is larger than the commonly used correction due to a higgsino admixture, the net effect on the annihilation cross-section and ultimately on Ω B h 2 is small. For all values of m F and M 2 consistent with Ω B h 2 ≤ 1, the effect is at most a few percent, and in the allowed region, the effect predominantly decreases the relic density. Below the top threshold, the effect of the loop diagrams drops by a factor of ∼ 300 due to the accumulation of a number of unrelated factors. (This is also true for the higgsino mixing diagram.) Of course in the very thin slice of parameter space near m B = m Z /2, the annihilation cross-section will be greatly enhanced, and the effect of the loop diagrams will be significant. Because this effect is limited to a small region of parameter space we do not consider it further. We note only that in such regions the expansion of the thermal average should be done as explained in ref. [10] . In addition to the effect of the loop correction on the relic density, it is also of interest to compute the effect on the zero temperature annihilation cross-section (p = 0) which governs annihilations in the galactic halo. Indeed, galactic halo LSP annihilation products have been frequently discussed as a potential signatures for dark matter [14] . In fig. (4) , we show the effect of the loop diagrams on the zero-temperature cross-section, σv rel , at ε = ∞. The contours show the percentage change in a due to the inclusion of the loop correction diagrams (2). The effect is larger than on the relic density, but in the physically allowed region the effect is still < ∼ 11%. We again see the top threshold at m B = 160 GeV. Notice that below the top threshold, the sign of the effect changes. At zero incoming bino momentum, the coupling of the Z to the final state fermions is proportional to T F 3 , as seen in eq. (9) . Above the top threshold, zero temperature annihilation is primarily to tops, while below the top threshold it is primarily to b's and τ 's. Thus T loop (p = 0) switches sign, while T sfex (p = 0) does not.
Finally in fig. (5) , we compare the effect of including the loop diagrams (2) on the zerotemperature cross-section a to the effect of including the higgsino mixing diagram (3) . Calling the change in a due to the loop diagrams ∆ loop a and the change in a due to the higgsino mixture ∆ hm a, we plot ∆ loop a/∆ hm a as a function of ε and m B using m F = 500 GeV. As ε becomes large, the effect of the loop correction greatly exceeds the effect of higgsino mixing except very near to the value of m B at which the loop's effect on the cross section vanishes.
To summarize, we have calculated the effect of the loop diagram of fig. (1) on the annihilation cross-section for binos. We find that away from the Z-pole, the effect of the additional diagram is to change the relic density of binos Ω B h 2 by at most a few percent. This is true over the physically allowed range of common sfermion mass m F and bino mass m B , though it is larger than contributions from the direct annihilation to Z's via the small but non-zero admixture of higgsinos in χ 0 , typically included in this type of calculation for a wide range in values of the higgsino mixing mass ε. Near the Z-pole, we expect the effect of loop corrections to be considerably larger. The effect of the loop diagram on the zero-temperature cross-section is larger and may be as large as 11%. 
